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This	 thesis	 therefore	 aims	 to	 show	 whether	 or	 not	 microorganisms	 like	
tardigrades	can	survive	hypervelocity	impacts.	This	could	demonstrate	that	
not	 only	 organic	 compounds,	 sugars	 and	 spores	 could	 survive	 the	
phenomenon	 known	 as	 panspermia,	 but	 also,	 complex	 organisms	 like	
tardigrades.	
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small	 (typically	<	1	mm)	multi-segmented,	water	 dwelling	 creatures.	 The	
survival	of	tardigrades	against	many	severe	environmental	stimuli	has	long	
been	 reported	 (including	 vacuum	 and	 UV).	 In	 the	 article	 “Actions	









that	 they	 can	 lower	 their	 metabolic	 activity	 when	 entering	 into	 dormant	
states	 (anhydrobiosis	 induced	 by	 dehydration	 and	 cryobiosis	 induced	 by	
freezing);	 this	 could	explain	how	 they	are	able	 to	withstand	chemical	and	
physical	 extremes.	 However,	 a	 large	 tolerance	 is	 shown	 also	 by	 active	















were	 also	 exposed	 to	 ionizing	 solar	 (7000kJ/m2,	 1000	 times	 higher	 than	





















shock,	 rather	 than	static,	high-pressure	 loading	of	 the	sample.	Laboratory	
experiments	 have	 shown	 that	 such	 impact	 ejecta	 can	 carry	 viable	micro-	
organisms	despite	the	shock	they	experience.	[9][11]	
Similarly,	on	arrival	at	a	new	home,	the	rock	will	experience	another,	even	
greater	 shock,	 due	 to	 the	 sudden	 deceleration	 from	 the	 high	 speeds	
(typically	km	s-1)	involved	in	space	travel.	The	resistance	of	various	micro-	














It	 was	 suggested	 [15]	 that	 tardigrades	 could	 be	 vehicles	 for	 panspermia,	
migrating	through	space	on	meteorites.	Also,	 lithopanspermia	needs	to	be	
consider	 in	 this	 scenario.	 It	 will	 involve	 a	 shock	 and	 consequent	 high	
pressures,	when	launched	into	space,	and	again,	when	back	into	their	new	





















shown,	 that	passage	of	 the	shock	wave	 through	microbial	 samples	causes	

































European	 Space	 Agency,	 Japanese	 Aerospace	 Exploration	 Agency,	 and	
others’’	[20].	









Although	 other	 planets	may,	 or	may	 not,	 harbour	 life,	 the	 Earth	 certainly	





an	 Israeli	 Spacecraft	 crash-landed	 on	 the	 Moon	 (the	 Beresheet	 Mission).	
According	to	some	reports,	its	payload	included	tardigrades	to	test	survival	
under	 lunar	 conditions	 [24].	 Whilst	 the	 crash	 was	 unintentional,	 any	

















actually	 very	 closely	 related.	 These	 are	 firstly	 the	 formation	 of	 life,	 and	
secondly	 how	 it	 is	 spread	 through	 the	 Universe.	 Many	 different	 types	 of	
organisms	can	be	 found	on	Earth,	 only	a	very	 small	 fraction	of	which	 can	
survive	in	outer	space.	One	of	these	latter	organisms	are	tardigrades,	which	
are	the	focus	of	study	of	this	work.	
The	 ability	 of	 tardigrades	 to	 survive	 in	 space	 suggests	 these	 creatures	
tolerate	 extreme	 environments	 involving	 radiation,	 impacts,	 and	 radical	
temperatures.	Also,	 the	 concept	 of	 panspermia	 arises	when	exploring	 this	
topic.	If	small	molecules	or	simple	organisms	can	travel	frozen	on	the	surface	
of	an	asteroid,	and	survive	the	shock	into	their	new	home,	what	about	more	
complex	 organisms?	 What	 about	 tardigrades?	 Can	 they	 survive	 these		
extreme	processes	too?	
In	 order	 to	 answer	 these	 questions,	 we	 first	 need	 to	 discuss	what	 life	 is,	







Earth,	 followed	 by	 a	 further	 discussion	 on	 a	 topic	 that	 is	 currently	 very	
popular:	Is	there	life	anywhere	else	in	our	Solar	System?	
In	the	latter	part	of	this	chapter,	panspermia	will	be	explored,	discussing	the	
possibility	 of	 complex	 organisms	 travelling	 from	one	planet	 to	 another.	 A	
brief	taste	of	the	different	types	of	extremophiles	will	be	given,	and	a	more	in	
































evolution”	 [28].	 They	 thought	 that	 the	 early	 Earth	 had	 an	 oxygen-poor	



























Urey's	 experiment	 setup	 (not	 reducing,	 not	 rich	 in	 ammonia	 or	methane)	
[29][30].	Therefore,	it	is	questionable	as	to	whether	Miller	and	Urey	did	an	
accurate	simulation	of	the	early	Earth.	However,	they	did	show	that	complex	
molecules,	 amino	 acids,	 could	 be	 formed	 from	 raw	ingredients.	 Further,	










space.	 Many	 scientists	 are	 studying	 the	 possibility	 of	 organic	 molecules	
travelling	 through	 space	 on	 meteorites.	 It	 has	 been	 found	 that	 organic	
































Indeed,	 the	question	 if	more	complex	organics	 can	survive	 this	process	 too	
arises.	And	what	about	 life?	 Tardigrades	 for	 example,	we	 could	 study	 the	










Where	 is	 the	 first	place	everyone	has	 in	mind	when	 thinking	about	extra-	
terrestrial	life	in	the	Solar	System?	The	answer	to	this	is	often	Mars,	as	it	had	
an	 Earth-like	 past	 with	 water	 on	 its	 surface.	 It	 is	 in	many	ways	 an	 ideal	
candidate	to	have	developed	life.	
	
However,	 there	 might	 be	 a	 bigger	 chance	 on	 other	 Solar	 System	 bodies	
further	 away.	 Today,	 the	 modern	 mantra	 for	 locations	 where	 life	 may	
originate,	is	to	say	you	need	liquid	water,	an	energy	input	(external	or	from	
chemical	 disequilibrium),	 plus	 some	 organic	 molecules.	 This	 is	 not	 just	
limited	to	Mars.	Other	bodies,	particularly	those	with	possible	surface	oceans	
match	these	criteria	[40].	If	we	ever	discover	life	outside	our	planet,	it	will	
most	 likely	 to	 be	 in	 the	 form	 of	 extremophile	 microorganisms.	 To	 quote	
NASA's	 2015	Astrobiology	 Strategy,	 "Life	 on	 other	worlds	 is	most	 likely	 to	















































After	 this	 period,	 the	 concept	 of	 life	 travelling	 through	 the	 universe	 was	
mostly	abandoned,	probably	with	a	 lot	of	other	“anti-theological”	thought.	
With	the	Age	of	Enlightenment	came	Europe’s	reignited	interest	in	Science.	















Figure 2-4: Solar system formation. Artwork of stages in the formation of the solar 
system. By Mark Garlick, in /media/324277/view/artwork-of-stages-in-the-solar-system- 







40	 years	 later,	 made	 a	 major	 contribution	 to	 Kant’s	 hypothesis.	 [48]	 His	















idea	 of	 ‘spontaneous	 generation’,	 the	 idea	 that	 life	 arose	 from	 non-living	
matter.	 He	 showed	 that	 life	 comes	 from	 life,	 with	 his	 famous	 flask	
experiment.	 [51]	This	 approach	of	 life	 coming	 from	 life,	 still	 left	 open	 the	
question	of	the	original	origin	of	life	itself	however.	
	




theory	 stated	 that,	 through	meteorite	 impacts,	 life	 could	 have	 arrived	 on	
Earth	from	space	in	the	form	of	spores	from	outer	space.	Once	on	Earth,	the	














through	 space	had	 a	high	organic	 content.	 They	 also	 speculated	 that	 light	
extinction	curves	suggested	organic	materials	such	as	cellulose	were	present	




of	 lithopanspermia	 [8]	 with	 rocks	 being	 exchanged	 from	 Mars	 to	 Earth,	
(maybe	 containing	 life?).	 This	 idea	 allowed	 people	 to	 focus	 on	 a	 specific	
question,	 if	 life	was	on	one	planet	(Mars)	how	could	 it	get	 to	Earth?	Some	














[10,11]	Other	 experiments	have	 followed	by	 a	 variety	of	 groups,	 showing	
survival	 of	 a	 range	 of	 spores	 and	 microorganisms	 in	 a	 variety	 of	 shock	
experiments	 e.g.	 [9,	 11,	 12,	 13,	 14,	 57].	 This	 suggests	 that,	 despite	 the	
previous	 belief,	 microorganisms	 can	 survive	 the	 shock	 pressures	 impact	
needed	in	the	panspermia	process.	
	
The	other	hazards	 involved	 in	panspermia	and	 lithopanspermia	have	also	



















we	observe	 it	 in	action.	Yet,	nonetheless,	 life	has	 to	have	had	at	 least	one	






thought	 not	 to	 be	 able	 to	 sustain	 life.	 These,	 what	 to	 us	 are	 extreme	

























The	 additional	 surprise	 that	 came	 with	 this	 discovery	 was	 that,	 a	 few	








A	common	hypothesis	 that	circulates	nowadays	 is	 that	 life	on	Earth	could	





The	 chemistry	 used	 by	 the	 organisms	 found	 near	 the	 vents	 is	 based	 on	










10km	 deep),	 organisms	 can	 be	 found	 there.	 They	 are	 named	











































Figure 2-6: A typical tardigrade’s internal structure including nervous system, 
digestive system, muscular system and ovary [82] Typical length is 1 mm. 
 




[82]	 Their	 ability	 to	 tolerate	 these,	 and	 other	 extreme	 conditions,	 makes	
33 	
	
them	 the	 perfect	 candidates	 to	 study	 the	 likelihood	 of	 panspermia	 with	
pluricellular	complex	organisms.	
	
Their	 ideal	 habitat	 is	 usually	 a	 humid	 environment.	 When	 that	 humidity	












When	 they	 find	 themselves	 in	 the	 “tun”	 state,	 tardigrades	 can	 survive	
temperatures	up	to	200°C	and	as	low	as	-250°C	[83],	as	well	as	both	space	









unicellular	 algae	 (A68	 chlorococcum).	 [87]	 Other	 tardigrades	 have	 been	
known	to	eat	rotifers	and	nematodes,	but	this	is	not	the	case	for	H.	Dujardini.	
[88]	They	are	estimated	 to	 live	an	average	of	8	years	 in	 the	wild.	 [89]	By	
contrast,	 their	 lifespan	 is	 only	 3	 to	 4	 weeks	 in	 captivity.	 This	 species	
reproduces	via	meiotic	parthenogenesis.	A	haploid	egg	returns	to	diploid	by	
mirroring	the	number	of	chromosomes.	When	they	moult,	the	shed	becomes	






It	has	been	observed	 that	 the	gestation	period	 in	Hypsibius	dujardini	 lasts	



















Ames	 Research	 Centre	 and	 Montana	 State	 University	 collaborated	 with	
Russian	investigators	to	manage	the	experiments	planned	for	this	mission.	




level),	 exposing	 the	 experiments	 to	 microgravity	 and	 also,	 part	 of	 the	
experimental	package	was	exposed	to	the	harsh	conditions	of	space	vacuum	
and	 radiation.	 It	 re-entered	 the	 atmosphere	 on	 the	 26	 September	 2017,	
landing	 on	 the	 Russian-Kazakh	 border.	 [91]	 The	 spacecraft	 (Figure	 2-9),	
carried	a	400kg	payload,	including	experiments	in	fluid	physics,	exobiology,	
radiation	 exposure,	 biology	 and	 crystal	 growth	 which	 were	 carried	 out	
















survive	 these	 extreme	 conditions.	 [93]	 All	 this	 was	 conducted	













exposed	 to	 solar	 and	 cosmic	 radiation,	 space	 vacuum	and	weightlessness.	




BIOPAN	 was	 installed	 on	 the	 external	 surface	 of	 every	 Foton’s	 mission	
descent	capsule.	It	had	an	electrical	lid,	which	displayed	(that	is,	opened	and	

















electronics	 consisted	 of:	 signal	 acquisition	 board,	 microcontroller	 board	
with	its	flight	software	and	a	memory	board.	[95]	
	
The	 tardigrades	 used	 for	 this	 experiment	 were	 Richtersius	 coronifer	 and	
Milnesium	 tardigradum,	 from	 the	 eutardigrades	 family.	 [93]	 They	 were	
dehydrated	and	located	in	small	metallic	chambers	as	seen	in	Figure	2-11.	



























tardigrade	 species	 (~80%).	 However,	 when	 studying	 the	 set	 ups	 with	










not	 just	 those	 exposed	 to	 the	 vacuum,	 but	 also	 after	 being	 exposed	 to	 a	
radiation	dose	of	more	than	7000	kJm-2.	How	they	did	this	is	still	a	mystery.	
[99] It	 would	 be	 interesting	 if	 their	 DNA	 was	 studied	 and	 the	 different	




















All	 this	provides	motivation	 for	 this	work.	 If	we	 think	of	panspermia	as	 a	
vehicle	 for	 life	 to	arrive	on	Earth,	could	organisms	survive	 the	high-speed	
impact	 (and	 associated	 shock	 pressures)	 that	 this	 process	 involves?	 In	



















By	 the	 end	of	 the	19th	century,	 smokeless	powder	 and	high	 strength	 steel	







Accordingly,	 in	 the	 1940s,	 the	 ‘Aerodynamic	 Range’	 was	 developed.	 The	
purpose	of	 this	 apparatus	was	 to	precisely	 record	a	projectile’s	motion	 in	





and	 the	 1950s,	 space	 travel	 and	 potential	 moon	 landings	 started	 to	 be	
























































! = $! '(																																														Eq.	3.3	
	
	









































First,	 the	gas	 is	 fed	 into	 the	pump	 tube	at	a	preselected	pressure	 from	an	
external	 flask.	The	battery	 then	passes	 current	 through	 the	disk	 (made	of	
aluminium),	it	heats	the	disk	up	almost	immediately,	melting	it	 like	a	fuse.	
What	was	trapping	the	gas	has	now	melted,	so	it	is	free	to	expand	through	














at	 the	breech	 (measured	 externally)	The	 interior	 of	 the	breech	warms	up	
slower	 than	 the	 exterior	 so	 is	 even	 colder.	 This	means	 that	 the	 projectile	










To	 fire	 the	 tardigrades	 through	 the	 light	gas	gun,	a	 solid	 cylindrical	nylon	
sabot	with	a	central	cavity	(Figure	3.3)	was	used	for	each	shot.	Tardigrades	
were	removed	from	the	colony,	usually	3-4	at	a	time,	and	located	in	the	cavity	
of	 the	 sabot	 (containing	 water	 and	 unicellular	 algae).	 As	 stated,	 a	 more	
detailed	description	of	this	process	will	be	given	in	Chapter	4.	The	sabot	was	
placed	in	the	freezer	for	~	48	hours	at	around	-28°C	prior	to	the	shot.	
Several	 hours	 before	 the	 shot,	 the	 sabot	 containing	 the	 tardigrades	 was	
placed	in	a	brass	holder	(which	was	pre-cooled	and	used	to	carry	the	sabot	
from	the	freezer	to	the	gun,	this	also	helped	with	quick	insertion	of	the	frozen	



















(the	bags	were	 filled	until	 they	had	the	dimensions	 indicated).	To	seal	 the	
bag,	Sellotape	was	used,	making	sure	 the	sand	stayed	 inside	 the	bag	even	
50 	
	
after	 exerting	 some	 pressure	with	 our	 hands	 to	 produce	 an	 even	 regular	
shape	to	the	bag.	
	























chamber	as	shown	 in	Figure	3-5.	The	 target	was	clamped	to	 the	chamber,	
making	sure	the	hole	in	the	cover	was	aligned	with	the	expected	projectile	





in	 the	 cover	 (which	 is	 in	 the	 centre	 of	 the	 front	 of	 the	 cover)	 is	 aligned	 with	 the	



















expanding	 shock	 wave.	 Instead,	 some	 water	 could	 flow	 out	 of	 the	 top	 if	
necessary.	
In	 the	 test	 shot,	 the	 projectile	 penetrated	 the	 water	 and	 impacted	 the	
backplate	with	great	force.	Since	we	want	to	contain	the	real	impacts	in	the	


















and	 look	 for	 survivability	 of	 these	 creatures	 after	 impacts,	 an	 optical	
microscope	was	used	as	the	main	analysis	instrument.	
	
The	 microscope	 used	 in	 the	 Impact	 Lab	 is	 a	 research-grade	 Leica	 MZ16	

















A	 camera	 is	 included	 in	 the	 microscope	 set	 up,	 permitting	 the	 taking	 of	
images	during	the	analysis	process.	The	camera	was	a	Nikon	Digital	Sight	DS-	

















at	 University	 of	 Kent.	 The	 desire	 was	 to	 be	 able	 to	 readily	 locate	 and	
manipulate	individual	animals,	even	though	they	were	mobile.	





was	 because	 of	 the	 movement	 of	 the	 tardigrades	 during	 the	 process.	 It	
therefore	proved	difficult	to	see	exactly	how	many	were	introduced	in	the	
sabot	in	this	fashion	so	was	very	time	consuming	to	get	right.	So,	although	
this	 method	 was	 used	 to	 prepare	 the	 filled	 sabots	 for	 the	 first	 set	 of	








As	mentioned	 in	Chapter	1,	 it	has	previously	been	shown	that	 tardigrades	
can	survive	up	to	16,000	g	when	centrifuged,	[15].	Knowing	this,	and	wanting	
the	 tardigrades	 to	 suffer	 the	 least	 load	 possible,	 they	were	 centrifuged	 at	
4,400rpm	for	5	minutes	at	4°C.	To	do	this,	a	10ml	plastic	tube	was	filled	with	










test	was	done	before	 taking	 the	 tardigrades	back	 to	 the	 lab,	 to	 see	 if	 they	


















































the	 conservations	 of	mass,	momentum	and	 energy	 across	 the	 shock	 front	











" − "% =	
1


















































Material	 F%	(kgm-3)	 c	(kms-1)	 S	
Aluminium	 2750	 5.30	 1.37	
Basalt	 2860	 2.6	 1.62	
Calcite	 2670	 3.80	 1.42	
Cocomino	Sandstone	 2000	 1.5	 1.43	
Diabase	 3000	 4.48	 1.19	
Dry	Sand	 1600	 1.7	 1.31	
Granite	 2630	 3.68	 1.24	
Iron	 7680	 3.80	 1.58	
Permafrost	 1960	 2.51	 1.29	
Serpentinite	 2800	 2.73	 1.76	
Water	 9979	 2.393	 1.333	











The	 problem	 here	 is	 that	 the	 PIA	 is	 an	 approximation.	 There	 are	 several	
possible	 sources	 of	 error	 when	 applied	 here.	 The	 first	 is	 a	 systematic	
inaccuracy,	that	is,	does	it	give	correct	values?	There	are	more	sophisticated	
methods	 of	 calculating	 shock	 pressures	 in	 impact	 events	 (hydrocodes).	
These	 can	 provide	 full	 3D	 simulations	 using	 equations	 of	 state	 for	 all	 the	
materials	 involved.	 In	past	work	[106]	where	use	of	similar	 loaded	sabots	
was	simulated	in	both	the	PIA	and	a	hydrocode	(Autodyn),	the	value	given	by	
the	PIA	was	 some	16%	 lower	 than	 the	mean	peak	 impact	pressure	 in	 the	
sabot.	 This	 suggests	 there	may	 be	 an	 overall	 uncertainty	 in	 all	 the	 shock	
pressures	here	of	that	magnitude	(16%).		
There	 is	 also	 the	 question	 of	 whether	 inside	 a	 single	 event,	 the	 peak	
pressures	is	the	same	across	the	whole	of	the	contents	of	the	sabot.	The	use	
of	a	filled	cavity	in	the	sabot	was	designed	to	try	to	ensure	that	the	contents	
were	 shocked	 to	 a	 similar	 peak	 pressure.	 However,	 in	 the	 hydrocode	
simulations	 mentioned	 above,	 the	 maximum	 differences	 from	 the	 mean	
calculated	pressure	were	estimated	to	be	of	order	11	–	14%.	However,	these	
occurred	in	small	regions	of	the	interior,	with	the	bulk	lying	much	closer	to	
the	 mean	 peak	 pressure.	 Given	 the	 size	 of	 the	 tardigrades,	 it	 seems	
reasonable	to	assume	that	even	though	we	don’t	know	exactly	where	in	the	













Table	 3.3:	 Shock	 pressures	 calculated	 using	 formulas	 3.10,	 3.11,	 3.12	 and	 3.13	
showed	 above	 and	 the	 empirical	 constants	 c	 and	 S	 for	 each	 of	 the	 target	 and	
projectile	materials.	These	specific	values	correspond	to	the	dry	sand	target	and	the	
frozen	sabot	(see	Table	3.2).	For	these	calculations	 it	was	assumed	the	projectile	






































IMPACT SPEED (KM S-1)











to	 not	 being	 fully	 satisfied	 with	 the	 method	 initially	 used	 to	 introduce	
tardigrades	 in	 the	 nylon	 sabot,	 a	 new,	 centrifuge,	method	was	 devised	 to	
improve	this,	and	this	was	described.	
	












were	described	 in	 the	previous	 chapter.	 In	 this	 chapter,	 how	 the	 samples	

















specifically	 named	 by	 the	 supplier).	 When	 getting	 ready	 to	 be	 shot,	





































the	density	 separation	method	 (see	Figure	4-2	 to	 see	 flasks	 and	 the	 sieve	
used).	The	steps	to	do	this,	are	as	follows:	
1. Fill	a	glass	flask	with	approx.	200ml	of	water	
2. Take	 a	 75	 µm	 sieve	 (Note	 that	 the	 typical	 sand	 grain	 size	was	 0.5	




























We	 questioned	 whether	 or	 not	 the	 tardigrades	 did	 float	 during	 the	
separation	 method	 and	 whether	 they	 stayed	 trapped	 in	 the	 sand	 or	 not.	










was	 then	 done	 to	 check	 that	 our	 individuals	 could	 actually	 survive	 these	
conditions.	And	they	did,	they	were	visible	and	moving	under	the	microscope	




of	 automated	 apparatus.	 However,	 they	 should	 be	 visible	 after	 24	 –	 48	 h	






check	 contamination	 and	 the	 efficiency	 of	 the	 target	 set	 up.	 The	 method	
followed	after	the	impact	is	much	simpler	than	the	one	done	with	the	sand	
target.	A	baking	tray	was	located	underneath	the	target	holder,	so	any	water	
spilled	 from	 the	 target	 could	 be	 collected	 without	 any	 risk	 of	 losing	
tardigrades.	Once	the	shot	was	done,	this	water	was	poured	into	a	petri	dish	
and	 the	 content	 analysed	 underneath	 the	 microscope.	 In	 the	 actual	
experiments,	the	no	recovery	time	was	found.	This	is	due	to	time	constrains.	
As	it	will	be	explained	further	in	the	thesis,	future	work	will	involve	repeating	
















the	 extra	 factor	 of	 100	days	 frozen.	Also,	 a	 reduced	number	 of	 shots	was	
done;	3	shots	instead	of	the	6	originally	planned.	Crucial	speeds/pressures	
were	prioritised	in	these	shots,	so	we	could	have	a	better	understanding	of	

















Blank	shot	 0.560	 0.625	 0	 N/A	
1TGS	 0.556	 0.62	 3	 100	
4TGS	 0.695	 0.812	 2	 100	
3TGS	 0.728	 0.86	 2	 100	
5TGS	 0.825	 1.01	 3	 65	(Found	2/3)	
2TGS	 0.901	 1.136	 3	 0	














































(we	 can	 measure	 speed	 to	 within	 a	 fraction	 of	 1%,	 but	 when	 judging	 in	
advance	what	speed	any	particular	set	up	will	achieve,	there	is	an	uncertainly	
of	about	>	15%).	Therefore,	we	give	an	indicative	speed	range	for	each	shock	
pressure.	 This	means	 that	 as	 long	 as	 the	 impact	 speed	 stays	within	 those	






During	 this	 project,	 not	 just	 the	 survivability	 of	 tardigrades	 against	 high	






























































the	 interior	 of	 a	 similar	 sized	 but	 water-filled	 sabot	 has	 been	 studied	 by	






























in	 the	 projectile.	 This	 would	 help	 creating	 survivability	 statistics.	 Longer	
sabots	 could	 be	 used	 for	 example.	 Now	 that	 a	 better	 technique	 has	 been	





after	a	shot	but,	how	does	 this	affect	 them	internally?	Even	though	at	 low	
speeds	the	survivability	is	of	100%,	the	lifespan	of	these	creatures	after	the	
shock	 may	 not	 be	 as	 promising.	 As	 a	 check,	 the	 recovery	 time	 of	 the	
tardigrades	 to	 normal	 levels	 of	mobility	was	monitored	 during	 the	 entire	
project.	Not	 just	after	 the	 impacts,	but	also	after	different	 stress	 tests	 like	
being	frozen	and	defrosted	(see	Table	4.3).	
Table	4.3:	Table	showing	the	number	of	tardigrades	frozen	in	a	sample,	the	time	in	
hours	 they	 spend	 in	 that	 state,	 and	 how	many	 hours	 it	 took	 the	majority	 of	 the	















two	 experiments	 for	 each	 time	 frozen,	 and	 that	 the	 results	 in	 each	 case	
seemed	 similar,	 the	data	 for	 each	 time	period	 frozen	are	 combined.	Thus,	
there	are	three	data	points	(24,	48	and	72	hours	frozen).	The	y	value	at	each	




Figure	 4-5b:	Diagram	 showing	 the	 average	 number	 of	 hours	 it	 took	 the	 control	
tardigrades	to	recover	after	being	frozen	and	defrosted.	For	the	24	hour	data	point	
we	use	1±1	hr	recovery	time,	for	the	48	hr	data	point,	use	7.5±1.5	hrs	and	for	the	72	





was	 observed	 was	 a	 nonlinear	 trend,	 with	 tardigrades	 at	 some	 speeds	
recovering	faster	(this	not	being	the	fastest	recovery	time)	than	others	that	
were	shot	at	lower	speeds.	They	were	check	every	2-3	hours.	This	is	not	the	
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be	 expected	 is	 that	 the	 tardigrades	 that	were	 shot	 at	 0.86	GPa	 took	 less	 time	 to	
recover	 than	 the	ones	at	1.01	GPa,	but	 this	was	not	 the	case.	See	main	 text	 for	a	
discussion.	




Blank	shot	 0.560	 0.625	 n/a	
1TGS	 0.556	 0.62	 24	
4TGS	 0.695	 0.812	 24	
3TGS	 0.728	 0.86	 36	
5TGS	 0.825	 1.01	 16	
2TGS	 0.901	 1.136	 None	alive	
6TGS	 1.000	 1.305	 None	alive	
	
	
This	 recovery	 time	phenomena	could	be	 seen	as	a	very	 interesting	 result.	
While	expecting	that	at	higher	speeds	the	recovery	was	slower	and	even	find	












part	of	 the	population.	Maybe	 they	were	younger	 than	 the	 tardigrades	
used	in	the	other	shots,	and	this	helped	them	to	recover	more	easily.		
c. Or	 it	 may	 simply	 be	 that	 we	 are	 seeing	 the	 effect	 of	 small	 statistics,	
combined	with	 irregular	 sampling	 in	 time,	 along	with	 the	 difficulty	 of	
seeing	 if	 they	have	recovered	by	observing	mobility	(maybe	they	were	
just	 resting	 normally	 at	 the	 moment	 of	 observation).	 Given	 the	 small	
numbers	used	 in	 each	 shot,	 this	 is	 always	 a	 risk,	 again	 indicating	why	
more	shots	with	higher	statistics	would	be	a	good	follow	on	experiment,	





Even	 if	 they	 survived	 and	 they	 recovered	 after	 a	 set	 number	 of	 hours,	 a	
common	 fact	 in	 every	 individual	 that	 was	 shot	 is	 that	 they	 did	 not	
subsequently	lay	eggs	whilst	being	observed.	This	very	interesting	change	in	
behaviour	 could	 mean	 three	 things.	 One	 is,	 that	 the	 organisms	 are	 so	
damaged	 internally	 that	 the	 reproduction	 function	has	been	affected	 their	
ability	 to	 reproduce.	 The	 second	 though	 is	 that,	 because	 they	 have	
experienced	such	a	shock	after	the	impact,	as	an	evolutionary	reaction,	they	






















1TGW	 0.662	 0.63	 n/a	
3TGW	 0.819	 0.82	 n/a	




target	 shots	 could	 be	 done,	 although	 preparations	 were	 underway.	 The	
closure	 meant	 that,	 to	 keep	 all	 the	 tardigrades	 alive	 during	 an	 extended	
period	of	time	the	laboratory	had	to	be	closed	(which	was	initially	unknown),	
the	tardigrades	had	to	be	kept	 in	the	freezer	at	~	-28	°C.	In	parallel,	some	
tardigrades	 had	 been	 centrifuged	 as	 described	 in	 Chapter	 4.	 These	




















time constraints it was decided to proceed with the tardigrades in their inert state. 
The centrifuged sample was used to provide specimens for the TGW shots, and 
part of the same sample was set aside as a control. This control was then used to 












roughly	 30	 days	 to	 recover;	 the	 tardigrades	 that	 have	 been	 shot,	 have	 an	
extra	stress	situation	to	recover	from:	the	impact.	This	means	that,	to	see	any	
survival	rate	in	these	tardigrades,	we	would	have	to	wait	more	than	a	month	








• In	 the	 shot	 at	 1.393	 km	 s-1	we	 did	 not	 observe	 anything,	 not	 even	
tardigrade	fragments.	
• The	 specimens	 from	 each	 shot	 and	 the	 control	 (rest)	 sample	 have	






are	 consistent	 with	 the	 ones	 from	 the	 sand	 experiments,	 but	more	 work	

















calculated	 beforehand	 using	 the	 PIA	 method,	 the	 same	 way	 it	 was	 done	
during	this	project.	We	used	sand	and	water	as	targets,	but	for	this	specific	












3.11,	 3.12	 and	 3.13,	we	 can	 see	 that	 an	 impact	 speed	 of	~100	m	 s-1	will	
generate	 a	 shock	 pressure	 of	 0.85	 GPa	 in	 a	 detector	 in	 orbit	
aroundEnceladus.	We	obtain	this	by	finding	the	orbital	speed	as	a	function	of	
altitude.	 This	 assumes	 a	 circular	 orbit,	 with	 orbital	 speed	 given	 by	 v	 =	
√[GM/r],	where	 r	 is	 the	 radius	 of	 Enceladus	 plus	 the	 chosen	 altitude.	We	













Table	4.6:	Table	 showing	 the	 impact	 speed	dominated	by	 the	 spacecraft	 orbital	
speed	calculated	using	the	 formula	v	=	√[GM/r,	where	G	stands	 for	Gravitational	
constant	 (6.67x10-11	m3	kg-1	s-2),	M	 is	 Enceladus	Mass	 (1.08x1020	kg)	 and	 r	 is	 the	
radius	of	Enceladus	(252.10	km)	plus	the	chosen	altitudes	for	the	detector.	And	the	










25	 277	 161	 0.207	
50	 302	 154	 0.197	
75	 327	 148 0.188	
100	 352	 143 0.181	
150	 402	 133 0.167	
200	 452	 126 0.157	
250	 502	 119 0.148	
300	 552	 114 0.141	
350	 602	 109 0.134	
400	 652	 105 0.129	
450	 702	 101 0.123	
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It	 is	 true	 that	 there	 are	 other	 materials	 that	 will	 generate	 smaller	 shock	
pressures,	but	aluminium	has	a	high	resistance	to	extreme	space	conditions:	





However,	 if	 a	 different	 metal	 were	 chosen,	 whilst	 the	 exact	 peak	 shock	
pressure	can	be	found	from	the	PIA,	it	will	not	be	greatly	different	from	that	







shock	pressure,	 this	 is	porous	materials.	A	 typical	example	 is	aerogel.	The	
NASA	Stardust	mission	used	this	to	collect	relatively	unshocked	samples	of	
dust	 from	 comet	 81P/Wild-2	 [34].	 Aerogel	 can	 be	 a	 very	 low	 density	
material,	 and	 this	 reduces	 the	 peak	 shock	 pressure.	 For	 example,	 on	 the	
Stardust	mission,	 at	 6.1	 km	 s-1	 impact	 speed,	 a	 typical	mineral	 grain	was	
estimated	to	experience	a	peak	shock	pressure	of	60	–	80	GPa	when	hitting	














improve	 this,	 either	 multiple	 fly-bys	 are	 needed,	 or	 a	 mission	 to	 orbit	
Enceladus	could	be	sent.	This	will	collect	plume	material	on	every	orbit	and	
the	chance	to	collect	material	of	interest	increases.	Thus,	a	higher	time	spent	
orbiting	 the	 moon,	 means	 more	 data	 can	 be	 collected,	 and	 a	 good	
representation	of	the	material	in	the	plume	obtained.	
	









For	 example,	 it	 is	 the	 vertical	 component	 of	 the	 speed	 that	 is	 held	 to	 be	
important	in	the	PIA,	and	since	this	is	reduced	in	an	inclined	impact	so	is	the	




































evolved	 there,	 but	 if	 material	 was	 removed	 from	 a	 planetary	 surface	 as	
impact	 ejecta	 it	 could	 contain	 biological	 materials	 and	 then	 distribute	 it	
across	space	just	like	rocks.	Lithopanspermia	suggests	that	life	could	survive	
the	 shock	 pressures	 associated	with	 this	 impact.	 So,	 we	wanted	 to	 see	 if	
tardigrades	could	survive	this.	
	
After	 introducing	 the	research	 topic,	on	Chapter	2	 the	concept	of	how	 life	
originated	on	our	planet	was	explained.	It	was	understood	that	we	roughly	
know	 when	 it	 did	 start	 but	 how	 is	 still	 a	 very	 well-kept	 secret.	 The	
uncertainty	of	not	knowing	how,	has	driven	scientists	to	develop	different	
experiments	that	could	explore	this	mystery.	As	an	example,	Miller	and	Urey	

















to	 not	 being	 fully	 satisfied	 with	 the	 method	 initially	 used	 to	 introduce	
tardigrades	 in	 the	 nylon	 sabot,	 a	 new,	 centrifuge,	method	was	 devised	 to	
improve	this,	and	this	was	described.	
	











Finally,	 a	 brief	 conclusion	 regarding	 both	 experiments	 and	 what	 was	
accomplished	during	the	MSc	project.	The	key	result	that	emerged	was	that	
tardigrades	 can	 survive	 impacts	with	 an	 associated	 shock	 pressure	 up	 to	
about	1	GPa.	This	places	them	in	the	same	category	as	seeds	etc.,	which	also	
suffer	 critical	 damage	 at	 such	 impact	 pressures.	 This	 does	 not	 prevent	 a	











This	 is	 the	 first	 successful	 study	 of	 this	 type	 and	 the	 statistics	 are	 small,	
although	sufficient	to	show	a	result.	If	it	gets	reproduced,	this	will	increase	
statistics	 and	might	 improve	 the	accuracy	on	pinning	down	 the	 transition	
regions	from	viable	to	dead.	
	












will	 give	 us	 enough	 data	 to	 see	 the	 trends	 better.	 Having	 more	
experiments	done	with	the	same	target	allows	us	to	see	if	the	results	
obtained	during	this	project	are	consistent.	Also,	a	major	focus	should	
be	put	 in	 the	 speed/pressure	region	were	 the	 tardigrade’s	 survival	






1. Use	 in	 collaboration	 with	 the	 Optics	 department	 the	 OCT	 (Optical	
Coherence	 Tomography).	 This	 will	 allow	 us	 to	 get	 very	 detailed	
images	 of	 the	 tardigrades	 before	 and	 after	 the	 impacts.	 Giving	 the	

















In	 conclusion,	 this	 MSc	 project	 has	 shown	 that	 complex	 organisms	 like	
















as	 shock	waves	 pass	 through	 them.	 Previous	work	 on	 seeds	 also	 found	 a	










As	a	next	 step,	 a	new	method	of	 experiment	 is	 needed,	which	 can	 handle	
samples	of	say	100	to	1000	tardigrades	per	experiment,	perhaps	large	flying	
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